ABSTRACT It has long been accepted that excessive exposure to asbestos may produce lung cancer but not that there is a consistent "biological gradient." This can only be evaluated reliably in studies where, for every individual, exposure has been measured in terms of both duration and intensity. Even now, there are only at most eight such cohort studies of asbestos workers, while formal methods of analysis have been available only recently. These methods, applied in these studies, yield good evidence that the "exposure-response" relation between accumulated exposure to asbestos and standardised mortality ratios (SMRs) for lung cancer may be taken as linear, but that at zero exposure the lung cancer SMR is not always unity-not surprising, because of well known difficulties with the choice of reference population and selection problems. This leads to a concept of "relative slopes" that take account of the background mortality in the cohort and make what appears to be the best use of the available data. Other approaches to the same data, and indeed to all cohort data known, are also considered. Each study is examined as closely as is possible in a short review, and the concepts of linearity and relative slopes appear justified. The relative slopes (bla) in the line SMR = a[1 + (b/a)*(exposure)] vary much more widely than can be accounted for by differences in epidemiological methodology; as discussed elsewhere, reasons for the variation seem to lie rather in type and dimensions of asbestos fibre, industrial process, etc. Slopes in the line SMR = 1 + b, (exposure) vary about twice as much as do the relative slopes.
slopes.
In the past few years several reviews of the health effects of asbestos have been published, most having been commissioned by government agencies. '-6 In all these reviews much effort was concentrated on the evaluation from cohort studies of "exposureresponse" relations for lung cancer. Two approaches to such evaluation are possible. The first7 needs only the following data: the overall standardised mortality ratio (SMR)8 for lung cancer and a single assessment of the average exposure to asbestos of the complete cohort. This attractive simplicity is, however, counterbalanced by the need to rely on two assumptions: (1) that the group studied would have had the same mortality experience as the reference population had there been no occupational exposure to asbestos; and (2) that the exposure-response relation is linear. As we shall show, grave doubts often surround assumption (1), although assumption (2) is probably reasonable.
Received 13 August 1984 Accepted 17 September 1984 The second approach requires estimates ot exposure for each individual subject, preferably in terms of both duration and concentration. It is then necessary to classify the cohort, in terms of levels of exposure to asbestos, into a number of subcohorts, and to obtain for each the average level of exposure and the SMR. Thereafter reliable evaluation requires certain formal methods of curvefitting, apparently first used in 1982.9 In the present paper we exploit these methods9a in those cohort studies of asbestos workers where adequate data have been provided.
Although there have been 30 or more reports of cohort mortality studies of asbestos workers, even now there are only seven studies in which exposure has been calculated for every subject in terms of both duration and concentration. In these seven the authors have classified their cohort, in terms of levels of exposure to asbestos (accumulated over some specified period), into a number (which we call h) of subcohorts. For the i-th subcohort, the data 390 expected (El) on the basis of a " person-years" analysis making use of the mortality in some population, selected as reference, and the derived SMRi (= Di/Ei, taken as 1, not 100, when D = E). A plot of the subcohort lung cancer SMRs against xi (most have been published) usually shows the relation to be well described by a straight line, despite variation in methodology that might have been expected to distort the basic pattern, and despite the fact that there is no immediately obvious biological explanation. It has been pointed out, however-see, for example, Liddell9-that the line does not necessarily pass through (or even close to) an SMR of unity for zero exposure. This is in no way surprising because of difficulties over the choice of a truly relevant reference population and in selection and other related factors.
In this paper we fit formally9a the two parameter line (SMR = a + b.x) and the one parameter line (SMR = 1 + b.x) to the data for all appropriate cohort studies. We give the goodness of fit statistics for the fitted lines, and use them to yield a formal test of whether a (the value of the parameter a fitted by maximum likelihood (ML)) may be taken as unity. We exploit and justify the concept of "relative slopes," which is of particular importance when a is far from unity, and show that the relative slopes may be steeper or shallower than the slopes fitted in the one parameter model. 
Materials and methods
4137 male workers at an asbestos plant in PA, in mainly textile manufacture '4 2543 male workers (white and black) at an asbestos textile plant in Charleston, SC '5 768 white male workers in the same plant as E(a)"6 3641 male workers in a friction products and packings plant in CT1'7 632 men who had worked less than two years in an amosite insulation products facility in Paterson, NJ, with cause of death based on "best evidence" ' x2 test of a = 1 was suggestive), the ratios were 1 9: 1 and 0*5:1; the ratios were 1-9:1 in study E(b) (where the SMR for the subcohort with lowest exposure-only 5 mpcf.y on average-was 2-23, but based on very small numbers), and 0 9: 1 and 1I1: 1 for studies C/1 and E(a) (where there was no strong reason for not accepting a = 1).
GOODNESS OF FIT
We examined the goodness of fit of both the two parameter and the one parameter lines for the eight cohorts forming the subject of '5 ' Acheson and Gardner,6 paraphrasing our earlier arguments,9 point out that as, for each study, SMRs were calculated based on an external standard, the constraint that forces the line through an SMR of 1 at zero exposure is tantamount to assuming that the chosen reference population and the asbestos workers had a similar experience-other than exposure to asbestos-in respect of all factors (including smoking) with a bearing on the incidence of lung cancer. They believe that it is unlikely that this will have been true in any particular study, and they prefer the relative risk approach-and made use of our estimates9 of relative slopes-""because it does not involve any assumption about the appropriateness of the reference population, and also describes the empirical data more closely,"6 but it does mean assuming that the background mortality, a, was the same in every subcohort (G Berry, personal communication).
In our section on goodness of fit, the X2 accumulated for all two parameter fits (17.94, with 30 Nicholson used the findings from study G to postulate the appearance of a saturation effect for the risk of deaths from lung cancer after two years of employment.4 He stated that "this could result from selective early removal of individuals at particular risk as, for example, heavy cigarette smokers, or by the competing risk of death from asbestosis in the higher exposure categories." There are several arguments against this effect. Firstly, there is no evidence of selective early removal of those at particugroup.bmj.com on July 6, 2017 -Published by http://oem.bmj.com/ Downloaded from Exposure-SMR relations: asbestos and lung cancer lar risk. Secondly, the deaths from asbestosis even in the group with longest employment were still only about 15% of all deaths. Thirdly, the estimated average exposure of those who had worked for more than two years was only about 50 mpcf.y, whereas in many other studies there was no evidence of a corresponding saturation at much higher levels of accumulated exposure. Fourthly, the two parameter goodnes of fit statistic for the data from study G/2 was 3-29 with 5 df, bringing fairly strong evidence that a straight line was a satisfactory fit. Further findings that Nicholson considered evidence of saturation came from one study-see study M below-where in fact there was no dose-response relation, so that he postulated that even those working in the cleanest departments, such as research, non-asbestos products or wet processes, had been saturated. 4 The Study C (AG1)-The definition of the cohort meant that by the end of the study period most members were not still employed in chrysotile production. It was, therefore, not unexpected that the values of a were close to unity for C/1 and 0/2, so that the relative and one parameter slopes were similar both for C/1 and for 0/2. Nicholson's estimate of slope for C/1 was close-that is, 0X18.4 Nevertheless, as the case-referent-within-a-cohort analysis is considered the most appropriate for determining RRs, we prefer the point estimate 0X136 from Berry,23 with 90% confidence limits 0 058 and 0-237, from Liddell.9 An important finding was that in C/2, the point estimate of (b/a) was 0-203 (with 90% confidence interval 0-064 to 0-493). This shows the importance of asbestos concentration in the evaluation of exposure, because in this portion of the study the workers in the four subcohorts, having been selected as with at least 20 years' gross exposure, had had similar average durations of exposure.
Study D (AG 1)-The subcohort with exposure average 5 mpcf.y had SMRs well below unity not only for lung cancer but also for other respiratory disease including pneumoconiosis (0-61), cerebrovascular diseases (0.78), and "other known causes" (0-73). McDonald et al thought it likely that 394 the explanation lay in lack of comparability with the population of the relevant state, Pennsylvania. '4 This was confirmed by the low value of a; naturally, there was a big difference in the slopes, the relative slope being three times as steep as that from the one parameter model. This and the following study were published well after the review by Nicholson.4 In Study E(a) (AG8) the lowest exposure subcohort had high SMRs for most groups of causes, and an explanation corresponding to that for study D was suggested in relation to South Carolina. Nevertheless, because here the value of a was only 1.09, the relative slope was nearly as steep as the one parameter slope. For comparing this and study D, the methodology was identical. The similarity of the relative slopes, based on the two parameter model, is rather more in keeping with epidemiological expectation than the wide divergence of the one parameter slopes. For comparison with study E(b), reanalysis of data obtained by the same methods as for that study gave the point estimate (b/i) = 5-107.
Study E(b) (AG7)-Here, Dement et al spent considerable effort on the choice of reference population (USA white men), rejecting several alternatives. ' 3.3.4 The relative slope is clearly shallow, although a slope based on the Peto method7 might be around 1-5.9 Study N (AG9) was of workers manufacturing friction materials using asbestos. Berry and Newhouse found no association of excess risk with duration of employment,28 and although giving an estimate of slope from a case-referent-within-a-cohort analysis, they stated that it "could have arisen by chance"; it seems appropriate to take it as effectively zero.
To be complete, we mention two recent studies of asbestos-cement workers'9 29; the former updates AG12. They were small (ELCs of perhaps 10 and 20, respectively) with high lung cancer rates (SMRs for complete cohorts around 5 and 2), not systemically related to asbestos exposure. Both workforces suffered inordinately from mesothelioma (probably because the factories used amphiboles as well as chrysotile), and the most heavily exposed workers had high gastrointestinal cancer SMRs (a phenomenon not observed consistently in other cohorts). We agree with experts6 22 that the studies cannot be interpreted in terms of exposure-response. No effort at quantification would be justified.
Obviously, there is no common slope relating lung 395 cancer SMRs to accumulated asbestos exposure. The ML point estimates of relative slope in table 3 varied from effectively zero to 6-9, whereas one parameter slopes varied from the very small to 13 5. It should also be borne in mind that different periods over which the cohort was followed up and exposures were accumulated mean that comparisons are often not strictly valid (see refs 14 and 15 for the effects of such differences in a single cohort). These effects were, however, generally fairly small compared with the differences between studies. Differences may also have arisen from fibre type and dimensions, and process. Rationalisation is attempted elsewhere.2230
Condusion
We have shown that, although in most cohort studies of asbestos workers the relation between lung cancer SMR and accumulated asbestos exposure is effectively linear, the line often does not pass through an SMR of unity for zero exposure. The relative slope (bla), which we consider the more meaningful on similar grounds to those of Acheson and Gardner,-who used our estimates-is usually quite different (sometimes steeper, sometimes more shallow) from the slope of the line forced through SMR = 1 when x = 0. Further, the variation in the relative slopes for different cohorts is much less than that for one parameter slopes.
